Immunoglobulin secretion by plasma cells infiltrating syno-_ vial membranes is a prominent feature of RA. Previous analyses of a cDNA library generated from synovium of RA patient BC revealed immunoglobulin K light chain transcripts with extensive somatic mutation, frequent N region addition, and unexpected variation in the lengths of CDR3 regions which form the center of the antigen binding site. To determine if these characteristics are present in other individuals, we performed reverse transcription-polymerase chain reaction amplification and sequenced -10 VKcontaining amplicons from nine tissue samples: synovia of three individuals with long-standing RA (including patient BC), PBLs of two of these individuals, and PBLs or splenocytes of four normal individuals. Increased levels of somatic mutation in PBLs appeared to correlate with increased age, which may reflect accumulation of circulating memory cells and/or decreased bone marrow production of naive B lymphocytes. Two of three RA synovial samples and both RA PBL samples exhibited increased proportions of clones with unusual CDR3 lengths. Enrichment for these antibody binding sites could be due to abnormal regulation of the emerging repertoire or to selection for B lymphocytes bearing antibodies of unusual specificity, and may play a role in the pathogenesis of RA. (J. Clin. Invest. 1995.96:831-841.)
Introduction
Rheumatoid arthritis (RA) is a systemic disease marked by synovial inflammation and hyperplasia that often destroys involved joints (1, 2) . Infiltration of the synovium by antibody-secreting plasma cells is a characteristic feature of the disease (3, 4) . This local production of antibody is thought to participate in the pathogenesis of RA, although the exact mechanism(s) of tissue injury remains unclear (2) .
Antibodies consist of two heavy chains and two light chains (either K or X). Each polypeptide chain contains a variable domain for antigen recognition and a constant domain, which is responsible for effector functions. The variable domain is assembled at the DNA level by splicing together variable (V),' diversity (D, heavy chain only), and joining (J) gene segments (5, 6) . Immunoglobulin variable domains contain three intervals of sequence hypervariability (CDRs) that are separated from each other by four intervals of relatively constant sequence called framework regions (FRs) (for review see reference 7) . The V gene segment encodes CDR1 and CDR2, whereas CDR3 is the product of V-(D)-J joining. In the mature protein, the heavy and light chain CDRs are juxtaposed to form the antigen binding site. Because the CDR3 intervals form the center of the antigen binding site, their sequence and structure play a major role in defining antigen specificity of antibodies.
B lymphocytes use both germline and nongermline (somatic) mechanisms to generate antibodies potentially capable of recognizing a tremendously large number of antigens. In the human kappa locus, there are -28 potentially functional VK gene segments that can be grouped into six families based on shared nucleotide sequence homology (8, 9) . Random combinations of these germline VK gene segments with one of five JK gene segments can produce a large array of different light chain rearrangements. Somatic mechanisms, however, account for the vast majority of repertoire diversification. Initial variation is focused at the site of heavy chain gene segment splicing (10) . Loss of a variable number of nucleotides at the termini of the V, D, and J gene segments in association with the addition of nongermline encoded nucleotides (N regions) generates a heavy chain CDR3 repertoire that varies tremendously in length, structure, and sequence (7, 10) .
N region nucleotides are added to the exposed termini of rearranging gene segments through the activity of terminal deoxynucleotidyl transferase (TdT) (11, 12) . Expression of TdT is thought to be restricted to the pro-B cell stage, when heavy chain rearrangement occurs. TdT protein is not detectable in cytoplasmic Cq+ pre-B cells, the stage at which immunoglobulin light chain gene segments typically undergo rearrangement (12, 13) . However, there is substantial evidence that N region addition occurs in VK-JK joins derived from B cells of normal individuals (8, (14) (15) (16) as well as from patients with RA (17, 18) . Despite the presence of N region addition, rearrangement of K light chain gene segments results in minimal VK-JK junctional diversity, largely because of the lack of D gene segments and similar lengths of the five known JK gene segments. The resultant VK-JK joins usually encode either 9 or 10 amino acids (codons 89-97 according to Kabat [19] ).
In a previous study, we cloned and sequenced randomly isolated K light chain transcripts from a cDNA library generated from diseased synovium of a patient with long-standing, RFpositive RA (17) . Unexpectedly, there was a high proportion of light chains containing N regions at the VK-JK junctions, resulting in uncommon variation in the lengths of CDR3 regions as compared with previous compilations of K light chain sequences. In addition, there were clonally related transcripts in the cDNA library, suggesting that immunoglobulin production in the synovium was antigen driven (20) .
With these observations in mind, we sought to determine if expression of K light chain transcripts with unusual CDR3 lengths was specific to this particular sample of RA synovium or was reflective of a more generalized process. We chose to focus on transcripts derived from the VKIII family, particularly the gene segment Humkv325. Humkv325(A27 in Zachau nomenclature [8] ) is highly conserved among different individuals in several outbred populations, it is expressed early in fetal life (21) , and is a common component of CD5+ B cells. In addition, Humkv325 is frequently expressed in chronic lymphocytic leukemia (for review see reference 22) and is often found in IgMK RF paraproteins (23, 24) and RFs from patients with RA (18, 25, 26) . Finally, as mentioned above, the initial RA synovial cDNA library we analyzed contained clonally expanded transcripts. These were derived from Humkv325 and contained CDR3 regions 11 codons long (20) .
We PCR amplified cDNA and performed sequence analysis of VK transcripts expressed in synovium or PBLs of our previously described patient, from two additional individuals with long-standing RA, and from PBLs or spleen cells of four controls. The unusual length distribution of the CDR3 domains expressed in the original patient's synovium was also present in her PBLs. One of the two other individuals with RA demonstrated similar enrichment for K light chains with unusual CDR3 lengths in both synovium and PBL. These findings suggest that VK repertoires expressed in synovial tissue and PBLs of some patients with RA are different from normal individuals, which may have important implications regarding the pathogenesis of RA.
Methods
Patient characteristics and isolation ofsynovial cells and PBLs. Clinical characterization of the RA patient we initially studied (patient BC) and the methods used to process the synovial tissue and peripheral blood have been reported previously (17, 20) . Two additional patients with long-standing RA were studied; synovial tissue was obtained at the time of surgery and peripheral blood was obtained during the postoperative period or at the time of the initial outpatient follow-up visit. The total amounts of IgM, IgA, and IgG from synovial cell culture supernatants were quantitated by ELISA and modifications of a previously described solid-phase RIA (27) . Measurements of serum IgM, IgA, and IgG, as well as IgM rheumatoid factor (RF) and IgA-RF were performed by quantitative ELISA (28 Synovial tissue from patient AS, a 42-yr-old black female with a 6-yr history of RF-positive RA, was obtained at the time of synovectomy of the right elbow. A total of 7.9 x 107 cells was obtained from this synovial tissue. The net synovial cell IgM production was 2,655 ng/ml, IgA 933 ng/ml, and IgG > 10 ,g/ml. The IgM RF was 886 ng/ml and IgA RF was 227 ng/ml. The serum IgM RF was 329 ,ug/ml and IgA RF was 80 jsg/ml.
Control tissues analyzed included PBLs of a normal 60-yr-old white female (IT), who served as an age-, sex-, and race-matched control for patient BC, PBLs from a normal 21-yr-old white female (LK), PBLs from a normal 32-yr-old white male (LB), and cadaveric spleen cells from a 49-yr-old white male (SP) without history of autoimmune disease. Mononuclear cells were isolated from spleen or peripheral blood by Ficoll-Hypaque density gradient centrifugation (29) .
Generation of cDNA and PCR amplification of VK-containing transcripts. The guanidinium isothiocyanate technique was used to isolate total RNA from each sample (30) . Oligo d(T) primed first strand cDNA was generated from total RNA as described previously (20) , with the exception of synovial tissue from patient BC. Because all of the RNA that had bound to the oligo d(T) column had been used in previous experiments, we generated oligo d(T) primed first strand cDNA from RNA that had been passed through the oligo d(T) column but had failed to bind.
PCR amplifications were performed on 2-,tl aliquots of first strand cDNA, as described previously (20) . PCR conditions were: 25 cycles of denaturation at 94°C for 1 min, annealing at 50°C for 2 min, extension at 72°C for 4 min, with a final extension at 72°C for 10 min. PCR amplifications designed to enrich for Humkv325-derived sequences were performed with one of two sense 5' oligonucleotide primers (LSK-16 or LB-62) derived from the leader and FRI of germline Humkv325. Fig. 1 shows the nucleotide sequences of LSK-16 and LB-62 compared with corresponding regions of germline gene segments. In all but one sample, the antisense 3' oligonucleotide primer used was LSK-19, derived from the CK sequence (5'-GCGCCGTCTAGAATTAACACT-CTCCCCTGTTGAA-3'). In the case of cadaveric spleen cDNA, the antisense CK primer used was H-170 (5'-CCAGAATTCAACTGC-TCATCAGATGGCGGGAAG-3') (20) . To control for possible contamination, mock PCR reaction mixtures lacking template or containing products of the first strand cDNA reaction without reverse transcriptase were prepared. None of the controls contained amplified products visible on ethidium-stained agarose gels or product detected by Southern blot analysis using a CK-specific probe.
Cloning and sequencing of PCR products from Humkv325 amplifi- Fig. 3 . In the three RA synovial samples, there was an increased proportion of JK4-containing sequences (13 of 35 nonidentical clones, 37%) compared with 9 of 68 clones (13%) from other tissues (P = 0.01, x2). This increase in JK4-containing clones was accompanied by a decrease in the proportion of JK1-containing sequences in RA synovia (7 of 39, 18%) compared with other tissues (28% of RA PBL, 44% of normal PBL, and 40% of normal spleen).
Analysis of clones from the synovial tissue of patient JR revealed the presence of a set of four closely related sequences. Clones JRSyn13, JRSyn2O, and JRSyn23 are completely identical to each other. Clone JRSyn19 has two expressed differences from these three clones, resulting in a glycine at codon 25 in CDR1 and a serine at codon 62 in FR3. Although PCR artifact due to Taq polymerase error cannot be excluded, these may represent a set of clonally expanded sequences in this synovial tissue.
PCR amplifications were performed using an annealing temperature that was well below the calculated melting temperatures of the oligonucleotides to avoid bias toward less mutated Humkv325 cDNAs. Because of the high degree of nucleotide sequence homology among members of the VKIII family, the finding of non-Humkv325-derived sequences was not surprising. We found that only four (Humvk325, Humkv328, Vg, and Humkv305) of nine potentially functional VKIII gene segments were amplified despite using an annealing temperature low enough to occasionally amplify gene segments from other families (VKIV and VKI). This restricted number of expressed VKIII gene segments is in agreement with other analyses of VK repertoires (8, 15 ASSynl3 cotis R-R derived from .the.... 5'2tihalfRI hruofte FR3lfofF ofo clone LBPBL5 appear to be derived from Vg, and the 3' haif of FR3 and the CDR3 domain from Humkv325. 'FRl through CDR2 of clone LBPBL2-3 appear to be derived from Humkv325, and FR3 through CDR3 from Humkv328. (D) Clones from cadaveric spleen (SP) cells from an individual without autoimmune disease. "1FRI through FR2 domains of clone SP7 appear to be derived from Humkv32S, CDR2 through CDR3 domains from Vg. 50CDR3 domain of clone SP8 appears to be derived from Vg (see Fig. 3 ), all other domains from Humkv325. "~CDR3 domain of clone SP2 appears to be derived from Humkv328 (see Fig. 3 (Table II) . . (Fig. 5) . The overwhelming majority (-96%) of VK CDR3s reported in the Kabat compilation (19) contain 8, 9, or 10 amino acid codons (Fig. 5 A) (26, 46) . However, despite the apparent enrichment for 1 1-codon VK CDR3s in some patients with autoimmune disease, the majority of autoantibodies do not exhibit unusual K light chain CDR3 length. Most CDR3 domains of K light chains of RFs from patients with RA contain 8, 9, or 10 codons (25, (47) (48) (49) (50) . Although 11-amino acid CDR3s are therefore not required for RF activity, the frequent presence of K chains with 11-amino acid CDR3s in some patients with autoimmune diseases may be a marker for an antibody repertoire that has been abnormally regulated or abnormally activated.
Three factors influence the number of nucleotides at the VK-JK join and thus determine the CDR3 length: the site of rearrangement of the VK gene segment, the site of rearrangement of the JK gene segment, and the presence of N nucleotides. To delineate the mechanism(s) responsible for generation of CDR3 regions of unusual length in RA, we analyzed patterns of gene segment rearrangement. One of the clones in the present report, BCSyn14 (Fig. 3) (54) .
Recently, N region addition has been noted to contribute extensively to the diversity generated at sites of VK-+JK joining. In the present study, normal individuals and RA patients were found to contain a similar proportion of transcripts with N region. addition (Fig. 3) . However, despite the frequent presence of N region addition, the lengths of the vast majority of CDR3s from normal individuals were relatively constant, with > 95% of K transcripts containing either 9 or 10 amino acids codons. In contrast, the consequences of N region addition appear to be quite different in some patients with RA, as VK transcripts containing 11 (20, 60) and the observation that K light chains with CDR3 regions of 11 codons can encode autoantibodies, we favor the hypothesis that enrichment for K light chains with unusual CDR3 intervals is the product of antigenic selection. In either case, it is apparent that the antibody repertoires of some RA patients are different from those of normal individuals.
